Given global heterogeneity in climate-induced agricultural variability, Tanzania has the potential to substantially increase its maize exports to other countries. If global maize production is lower than usual due to supply shocks in major exporting regions, Tanzania may be able to export more maize at higher prices, even if it also experiences below-trend productivity. Diverse destinations for exports can allow for enhanced trading opportunities when negative supply shocks affect the partners' usual import sources. Future climate predictions suggest that some of Tanzania's trading partners will …/
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experience severe dry conditions that may reduce agricultural production in years when Tanzania is only mildly affected. Tanzania could thus export grain to countries as climate change increases the likelihood of severe precipitation deficits in other countries while simultaneously decreasing the likelihood of severe precipitation deficits in Tanzania. Trade restrictions, like export bans, prevent Tanzania from taking advantage of these opportunities, foregoing significant economic benefits.
Introduction
There is substantial evidence that the frequency and intensity of extreme climate events may change in the coming decades (Diffenbaugh et al. 2005; Easterling et al. 2000; IPCC 2007) , with these changes being particularly important for agriculture (Lobell et al. 2008; White et al. 2006; Mendelsohn et al. 2007 ). Sub-Sahara African (SSA) countries, like Tanzania, are particularly sensitive to climate extremes due to their reliance on rain-fed subsistence agriculture. Schlenker and Lobell (2009) estimate that average maize productivity in SSA may decline by 22 percent by mid-century. These projected declines have severe development and poverty implications given that maize is the most important staple food in Eastern Africa and the most widely traded agricultural commodity (World Bank 2009).
However, there is considerable heterogeneity in the impacts of climate change across countries, and so international agricultural markets may allow for pooling of the risk posed by local (or national) climate extremes. Farmers in countries that are less severely affected by particular weather outcomes may be able to sell excess supply to meet the excess demand from consumers in the more severely affected regions.In the medium-to long-run, declines in agricultural production arising from climate change in some countries might be offset by increases in production in other regions.Open trade regimes have the potential to reduce domestic price volatility. For example, an open trade regime restricts the increase in food prices to the import parity price in the event of a drought (Dorosh et al. 2007) , and open trade also bounds price declines at export parity in the event of a favorable productivity shock.
Despite the apparent benefits of greater openness to trade as a mechanism to reduce food supply variability and food price volatility, the trade policy response to climate volatility may in fact be one of greater international agricultural price insulation. Reilly et al. (1994) identify concerns about national food self-sufficiency as an argument used by countries to institute greater trade restrictions, with the restrictions becoming attractive mechanisms to maintain food supply objectives. Similarly, the food price crisis of 2007-08 saw several countries erect export restrictions to enhance domestic food availability. As Mitra and Josling (2009) discuss, these export restrictions often had the additional goal of reducing domestic price volatility-an important policy objective in many countries-despite their potentially limited efficacy.
Tanzania was one such country, instituting a crisis-induced export ban on maize (FAO 2009 ) that has only recently been lifted.The World Bank (2009) makes the case that, in addition to limiting crossborder trade 1 , it also has other impacts-in particular reducing producer prices and reducing potential output. This stands in sharp contrast to the underlying, sizable production potential in Tanzania, and the potential to supply neighboring countries that may experience structural food deficits (World Bank 2009). Therefore, it can be argued that the export ban has not only lowered exports, but has also led to slower agricultural growth, and lost opportunities for farmers and consumers.
2 Due to the potentially important role that trade policy can play in mitigating the effects of climate on production, the interaction of international trade with agricultural production shocks arising from climate change has been explored in the literature (e.g., Tobey et al. 1992; Reilly et al. 1994; Tsigas et al. 1997; Randhir and Hertel 2000) . However, the aforementioned studies focus only on decadal scale, mean climate change, and do not consider the impact of changing climate volatility and the incidence and intensity of extreme events. Also, the scope of many of these studies is constrained by data limitations that prohibited analysis of individual African countries. Reimer and Li's (2009) more recent examination of cereal and oilseeds trade finds that world trade volumes will need to increase if yield variability increases. However, this analysis is unable to examine the complex interaction of factor incomes and prices in determining how household level welfare-especially of poor households-may vary, as has been shown to be the case in the presence of international price shocks following trade liberalization (e.g., Hertel et al. 2004; Hertel and Winters 2006; Hertel et al. 2009 ) and in recent analyses of climate change and poverty (Ahmed et al. 2009 (Ahmed et al. , 2011 .
Tanzania is a country where grain production variability may increase due to changing climate volatility (Ahmed et al. 2011) . In this paper, we examine the sensitivity of prices and factor incomes in Tanzania due to climate volatility. Of particular interest are the potential inter-annual trading opportunities created by heterogeneous climate shocks, as well as the potential for trade to modulate the effects of climate-induced shocks on Tanzanian poverty.
In order to examine these potential trade effects, we first estimate the historical covariance of maize productivity shocks in Tanzania and her key trading partners. We then use an augmented version of the Global Trade Analysis Project (GTAP) global trade model and associated database to quantitatively examine the interaction between trade policy and the climate-induced maize production volatility, with emphasis on the resulting impacts on exports and poverty in Tanzania. We consider these impacts within the context of five historical casestudy years in which we apply the historical productivity shocks under two different trade regimes to examine the sensitivity of the economic impacts of climate shocks to export restrictions. Finally, we use a suite of global climate model simulations to quantify the potential for changes in precipitation extremes in Tanzania and in key trading partners as greenhouse gas concentrations increase over the course of the 21st century.
Tanzanian maize trade in the context of international production volatility
Tanzanian trade policy emphasizes integration into the regional and multi-lateral trading systems, as reflected in the National Trade Policy (United Republic of Tanzania 2003), which sets the goal of guiding the country from a supplyconstrained economy to one with competitive, export-led growth. Export growth has been credited with an important role in raising the national growth rate from 2 percent per annum in 1990-95 to 6 percent in -03 (Integrated Framework 2005 .The National Trade Policy, however, provides only a weak and superficial treatment of agriculture-enhancing policies, even though crop exports accounted for about 23 percent of total export value in 2001 (Dimaranan 2006) . There also appears to be little coordination of trade, agriculture, and poverty reduction strategies, despite the importance of sustaining export growth indicated in the National Strategy for Growth and Reduction of Poverty (United Republic of Tanzania2005).
Focusing on maize, Tanzania's trade policies have a history of rapid changes and great uncertainty, as reviewed by Chapoto and Jayne (2010) . For example, the government lifted a long-standing ban on maize exports around the same time that the East African Community was established (1999) . However, in 2003, the Ministry of Agriculture and Food Security imposed an export ban on maize by withdrawing export permits already issued to traders and suspending the issuance of new permits. In 2006, this ban was lifted for a month, and then reimposed, before being lifted again in late 2010. Table 1 reports data on maize production, imports, and exports by year (USDA 2011). These data show thatboth imports and exports tend to be very small as a share of domestic consumption and production. Exports are reported in nine of the 22 years considered in Table 1 . By contrast, imports are recorded in 20 of the 22 years. Given that export bans have been in place for much of this period, it is hardly surprising that producers and marketing institutions have not pursued long run expansion of exports, assuming instead that production will be consumed domestically.
As Table 2 illustrates, the modest values of Tanzanian exports and imports of maize are concentrated on a small set of partners. Western Europe and the USA are the major trading partners in terms of both exports and imports. Tanzania trades very little with other African countries, with total exports to other SSA countries accounting for less than 22 percent of all maize exports and 25 percent of all maize imports. Among African countries, Uganda and Malawi are important sources of maize, supplying 15 percent of imported maize. These trade patterns reflect a number of factors, including: historical ties, logistical costs, Tanzania's myriad trade agreements and preferences, the barriers that Tanzania places on its own imports and exports, as well as those barriers faced by its exports in other markets.
In principle, Tanzania should be affected by climate volatility in major grain exporting or importing countries since that volatility translates into maize production volatility, subsequently affecting the import price, the world price, and the demand for Tanzanian maize. Trade may thus allow Tanzania the opportunity to take advantage of international climate and production heterogeneity in any given year to either mitigate the impacts of a lower-than-usual yield or take advantage of a higher-than-usual yield. For example, if Tanzanian maize productivity is above trend in a year when a major global maize trader like the USA has below-trend productivity, Tanzania may be able to benefit by exporting more maize at higher world prices.
This point is best illustrated by Table 3 (column 1), describing the international correlations in maize production deviations from trend between 1971 and 2001 for Tanzania and the world's major producing regions. These deviations from trend can be conceptualized as being attributable to idiosyncratic shocks-including, most importantly, weather. There is positive correlation in production deviations from trend for Tanzania and many regional neighborsUganda, Malawi, Zambia, the Rest of Eastern Africa, and the Rest of SSA. This reflects the fact that when Tanzania experiences a given climate outcome that damages agricultural production in a given year (e.g., a drought) countries that are geographically close to it are likely to have similar experiences. Conversely, if Tanzania experiences climate that is conducive to good yields, and subsequently has aboveaverage maize production, then its near neighbors are likely to experience the same positive climate. In contrast there is low, or negative, correlation between Tanzania's maize production volatility and the volatility in major maize traders like Argentina, the USA, and Western Europe.
In order to explore the potential for trade to buffer or intensify the effects of climatechangeinduced grain production volatility, we select from our time series of production deviations from trends, five individual historical years in which Tanzania and/or her major trading partners experienced large deviations from their respective maize production trends. The historical testcase approach is motivated by the known importance of climate for grain production (e.g., Lobell et al. 2008) , the anticipated damages to SSAn agriculture due to climate change (Schlenker and Lobell 2010) , and the negative effects of grain productivity shocks on poverty in developing countries (Ahmed et al. 2009 (Ahmed et al. , 2011 . Given this chain of influence linking climate, grains production and poverty, these casestudy years allow us to quantitatively test the potential for different trade regimes to moderate the impacts of climate change on poverty, within the context of known productivity shocks in Tanzania and key trading partners. Columns (2)-(6) of Table 3 report production deviations from trend in our five selected years over the 1971-2001 period.
Let us begin with the cases in which Tanzania experiences positive deviations from trend, as reported in columns (2) (1995) and (3) (1971) of Table 3 . In 1995, Tanzania's production was 19 percent above trend, while major exporters like the USA and Argentina had sub-par production (recall the negative correlation of these regions with Tanzanian maize deviations in column 1). Maize production was also below-trend in many Southern and East African countries. Uganda, one of Tanzania's neighbors, also had substantially higher production that year. In contrast, Uganda had lowerthantrend production in 1971 when Tanzania had above trend yields.
In 1980, Tanzania's production was close to trend (hence the column label: Tanzania 0), while Uganda-a major source of maize imports into Tanzania-experienced a large negative production shock. Globally, many major maize producers and exporters experienced below-trend production in that same year.In contrast, Tanzania had below average production in 1982 and 1983. In 1982, major maize exporters had aboveaverage production, putting downward pressure on prices. In contrast, in 1983, some of those major exporters had belowaverage production pushing up global maize prices to the advantage of smaller maize exporters that had good harvests in that year.
International maize trade in each of these scenarios could have had beneficial or detrimental impacts on Tanzania. However, an export ban on grains would have made it impossible for Tanzania to take advantage of higher world prices, especially in years like 1995 and 1971, when it had aboveaverage production while other African countries and major global traders had low production. Analysis of FAOSTAT maize trade shows that there were 14 years when Tanzania did not officially export any maize. 2 In six of these 14 years-1976, 1977, 1981, 1986, 1996 , and 1996-Tanzania had a positive maize production deviation from trend.In some of these cases, 5 the world price of maize was also above trend, suggesting that the country was missing an opportunity to take advantage of the higher commodity prices. While import restrictions in partner countries surely played a role in limiting Tanzania's exports, Tanzania has had a range of different initiatives in place that have also contributed to low levels of exports. 3 For example, in 1995, when Tanzania had higherthanusual maize production, the world price of maize was 38 percent above trend. 4 However, there was an export ban in place which limited the country's ability to capitalize on this market development. This was finally lifted at the end of 1996, allowing Tanzania to export at greaterthantrend world maize prices till 1998, after which maize prices dropped below-trend again. All of this suggests the need to systematically investigate the role of Tanzanian trade policy in the context of volatile grains production nationally, regionally, and globally.
Methodology
Tanzania's response to the type of global maize production heterogeneity delineated in the five casestudy years must be understood through mechanisms that can control for the substantial year-to-year changes in the global economy, and the frequent changes in Tanzanian maize trade policy that have occurred over the 1971-2001 period. In order to understand the poverty implications of the Tanzania's responses, the mechanism must also account for the changes in prices and factor incomes that will occur across multiple markets, and other general equilibrium (GE) effects. For example, the Tanzanian maize sector employs about 30 percent of agricultural labor, or 13 percent of all workers in the economy. Shocks that affect the demand for labor in the maize sector thus have implications for all industries. Since we are interested in the sensitivity of poverty changes to climate volatility under the different maize trade regimes, we also need to track the impact on non-farm earnings as well as the consumption of goods and services.These variables will be affected directly by the shocks to the maize sector. However, given the importance of maize in the economy, they will also be affected indirectly through changes in other commodity prices and on the changes in wages, all determined in general equilibrium.
A computable GE simulation approach is thus necessary, and we employ a modified version of the GTAP simulation model. In addition to allowing us to estimate the changes in consumer prices and earnings stemming from changes to agricultural productivity due to climate effects, this approach also allows us to examine the additional sensitivity of Tanzania's economic responses to the historical maize production heterogeneity under alternative trade regimes, without including the additional uncertainties of a forecasting approach. 
Model description
We begin with the GTAP Database Version 6 (Dimaranan 2006) and use this with a modified version of the standard GTAP model (Hertel 1997) . Maize is included in the GTAP database and model parameters as a component of the 'coarse grains' composite commodity group. In Tanzania, maize accounts for more than 78 percent of the total output of 'coarse grains' and more than 98 percent of 'coarse grains' trade. As such, we consider the market and production structure of the Tanzanian 'coarse grains' sector to be a reasonable approximation of the Tanzanian maize sector. The global database has the additional advantage of reconciling the global input-output and trade data from a range of sources, and benchmarking them to a single representative year; 2001 in our particular case. The reconciled data may thus not be perfectly consistent with other data sources for any specific variable (e.g., 2001 exports of a specific commodity between a pair of countries, measured at the tariff-line from COMTRADE). However, they provide the global consistency necessary for analytical modeling. Also, given that official African trade data are of varying quality and may not account for informal trade flows (RATIN 2009), the GTAP database has the advantage of being a globally consistent and balanced database.Additionally, the analysis in this paper focuses on the sensitivity of this 'representative' Tanzanian economy 5 to a very specific set of stressors, where the comparability of the effects of the different realizations of the stressors (i.e., the climate shocks) will be maintained as long as the same benchmark representative dataset is used in every realization.
We retain the empirically robust assumptions of constant returns to scale and perfect competition, and introduce factor market segmentation, following the methodology of Keeney and Hertel (2005) . This segmentation is particularly important in countries where poverty occurs in rural areas. Farm and non-farm mobility of factors are restricted by specifying a constant elasticity of transformation function which allows 'transformation' of farm employed labor and capital into non-farm uses and vice-versa. This allows for persistent wage differences between the farm and non-farm sectors, and is the foundation of the inter-sectoral distributional analysis. In order to parameterize these factor mobility functions we draw on the OECD's (2001) survey of agricultural factor markets-the best available database of the necessary elasticities with the widest country coverage. However, given the uncertainty about the appropriate values of these parameters for Tanzania, we conduct a systematic sensitivity analysis with respect to these parameters. We assume a constant aggregate level of land, labor, and capital employment reflecting the belief that the aggregate employment of factors is unaffected by the climate shocks that are affecting grain production.
The model is adjusted to distinguish between land classes with different biophysical characteristics, following the approach of Hertel et al. (2009) . This distinguishes land by agro-7 ecological zone (AEZ), based on the data of Lee et al. (2009) and Monfreda et al. (2009) . The model is then calibrated such that simulations of estimated historical productivity volatility of coarse grains for the 1971-2001 period replicate observed historical price volatility, as described in Ahmed et al. (2011) .
In the model, the impact of the production deviation shocks on trade will be driven by changes in relative prices between alternative suppliers.The percentage change in demand for imports of commodity i from a specific country r into a country s ( irs qxs ) is a function of the change in aggregate imports of the commodity into s ( is qim ), the percentage change in the domestic price of i imported from r into s ( irs pms ), the composite import price of all i imported into s ( is pim ), and the rate of import augmenting technological change ( irs ams ), which captures the impact of changes in trade facilitation on any particular trade flow. Equation (1) 
Increases in the aggregate import demand for i in s will encourage more exports from country r. We term this the expansion effect. However, it is moderated, or perhaps strengthened, by the substitution effect which hinges on the change in the price of i from the exporting country r relative to the change in the aggregate import price (a weighted average of prices from all sources) in the importing country s determines whether the importing country will source more of commodity i from country r.
The parameter i σ is the so-called Armington elasticity of substitution amongst imports of the same commodity across different sources and it governs the responsiveness of the substitution effect amongst exporters. This elasticity is estimated in Hertel et al. (2007) , using the data and approach of Hummels (1999) .The approach exploited cross-sectional variation in delivered prices, by conditioning on an exporter and commodity. The elasticity of substitution was then identified from variation over importers in delivered prices which arose from bilateral variation in advalorem trade costs.
In order to understand how climate shocks can affect household welfare and poverty, we use the household micro-simulation model from Ahmed et al. (2011) .That approach involves augmenting the CGE simulation framework with the household model of Hertel et al. (2004) , to estimate changes in income and consumption of households in the neighborhood of the poverty line. For poverty analysis, the utility of the household at the poverty line is then defined as the poverty level of utility. If an adverse climate shock pushes households' utility below this level, they enter poverty. Conversely, if they are lifted above this level of utility, they are no longer in poverty.The framework uses the AIDADS system to represent consumer preferences, and is calibrated using Tanzania's Household Budget Survey 2000 /2001 Households are stratified into seven groups based on earnings sources. The poverty line in Tanzania is taken to match the 8 observed national poverty headcount ratio reported by the World Bank (2005) . This in turn dictates the poverty level of utility in the initial equilibrium.
Experimental design
The patterns of historical production deviations from trend for each of the five case study years highlighted in the previous section-Scenarios 1995 and 1971 ('Tanzania +'), Scenario 1980 ('Tanzania 0'), and Scenarios 1982 and 1983 ('Tanzania -') are reproduced in the model via an appropriate combination of international productivity shocks. 7 We then consider the impacts on trade and poverty in the context of a range of different trade scenarios to explore the interplay between trade regimes and the poverty impacts of climate shocks. 8 In order to mimic the short-run/transient nature of these productivity shocks, these simulations are conducted under the assumption that agricultural land and capital are immobile across sectors. That is, farmers are limited in their ability to adapt to different climate outcomes. For example, they are able to mobilize labor in response to a climate shock and adjust harvesting dates, but are not able to bring new irrigation infrastructure online in response to a single climate outcome. The allocation of cropland to a given crop is also pre-determined in this short-run model closure.
The production deviations for the five case study years are simulated under two different trade regimes, as perturbations from the benchmark world economy. Conducting all simulations as perturbations from trend allows for comparability across trade regimes. The two trade regimes are:
• Regime 1 (Baseline): the trade regime prevailing in the 2001 world economy.
• Regime 2 (Export restriction): as in Regime 1, but with Tanzania imposing an export restriction on maize, preventing maize exports from rising above their 2001 levels.
As noted above, Tanzania introduced grains export bans in response to the 2007-08 food price crisis. Tanzania had also relaxed import restrictions on grains as a response to the food price crisis, thereby raising domestic prices; however, these policies are not considered here. 9 Implementation of the export restriction is treated via a complementary slackness condition, with the 2001 benchmark year's export level taken as the quota level of exports. When changes in economic conditions push Tanzania's maize exports to increase, they are prevented from rising above the 2001 benchmark year's level by means of an endogenous export tax instrument. Maize 9 trade flows, however, are permitted to fall below 2001 benchmark year levels if economic conditions dictate a decline in maize exports.
Since producers may adjust their production behavior in anticipation of future export restrictions we carry out one additional set of steps prior to conducting our scenario simulations. For example, if producers anticipate a regime of export restrictions where prices may be low in years with high yield because they cannot export any excess supply, they may choose to move some resources out of production of maize, reducing its benchmark supply. This behavior is approximated by conducting stochastic simulations of historical production variability in Tanzania, under the baseline trade regime and under the export restricted trade regime, to estimate how maize production may adjust on average in these two regimes. Based on the average production adjustment, we estimate factortax equivalents that provide an equivalent production shift to provide new benchmark databases for use with Regime 1 and Regime 2.
Finally, it should be noted that maize production perturbations under all casestudy scenarios are based on the same 2001 benchmark year, adjusted for pre-shock producer expectations about trade regimes. They thus allow for comparison of the marginal effects of the international climate heterogeneity in the casestudy year and of the trade regime in place without introducing additional uncertainty by replicating the global economy in the case study years. Table 4 describes the marginal changes in maize exports from Tanzania due to maize productivity shocks in the case study years under the baseline regime, and under the additional effect of the export restriction regime. Under the baseline, Tanzanian maize exports expand for all export destinations in scenarios 1995 and 1971, when the country experiences positive deviations from its production trend (columns 1 and 2). This is driven by the large declines in the domestic price of maize in Tanzania, reported in Table 5 .In terms of Equation (1), the large decreases in Tanzanian maize prices relative to her competitors, dominate any reduction in aggregate import demand, thereby increasing maize exports from Tanzania for all countries. 10
Analysis

Additional impact of export restriction
Tanzania's maize exports more than double for some trading partners. The largest percent increase is for maize exports from Tanzania to Uganda in scenario baseline-1971. Given the very 10 Due to the importance of the value of the Armington elasticity, the value of the elasticity was varied between 50 percent more and less than its initial value in a systematic sensitivity analysis. The impact on the results is small. For example, the percent change in the price of maize is -23.03 percent in scenario baseline 1995 and -25.94 percent in the scenario export restriction 1995. The standard deviations of the percent point changes in maize price in the two simulations, where the systematic sensitivity analysis is conducted, is 0.95 and 0.05. So, if we were considering a single standard deviation, the maize price change is between -22.08 percent and -23.98 percent in scenario baseline 1995, and between -25.91 percent and -25.97 percent in the export restriction scenario 1995. The analyses are thus robust to this parameter value and are discussed in more detail in the appendices of the World Bank working paper version.
low initial value of Tanzanian maize exports to Uganda (US$0.02 million), this development is less striking. 11
Nonetheless, the results in Table 4 illustrate the important role of diverse trade partners in mitigating potential food security crises in the wake of a major supply shock.In 1971, maize production in Uganda was more than 25 percentbelow-trend. Given that 95 percent of its maize is for domestic consumption, this represents a major maize supply contraction. The high maize demand in Uganda, coupled with the higher supply in Tanzania allows Tanzania to substantially increase its exports, alongside those of a few other select countries.
In 1980, Tanzania's maize production was essentially on trend, such that domestic supplies were little changed by idiosyncratic events such as climate shocks. In scenario baseline 1980, the changes in Tanzanian maize markets are largely driven by factors in the importing country that affect aggregate import demand and price. For example, Uganda's maize production is almost 30 percentbelow-trend in this year, and there is a resulting high demand for maize imports generally. Almost all the increase in Ugandan imports of Tanzanian maize is driven by this higher demand. Let us contrast this with the case of East Asia, where maize production is also below-trend, and aggregate maize import demand also increases. However, the aggregate import price of maize declines while Tanzania's maize price rises. This leads East Asia to source its maize imports from countries that have experienced positive supply shocks and thus have lower prices, e.g., China.Overall however, Tanzanian maize exports would have expanded by almost 7 percent in this baseline 1980.
The case of scenario baseline 1982 is the converse of scenarios 1995 and 1971. In this case, Tanzanian maize production was 13 percentbelow-trend, pushing up domestic prices by more than 28 percent. The supply shocks in other countries were such that this supply price effect dominated the effects of the other import determinants in Equation (1) and Tanzanian exports are predicted to fall across the board.
The case of baseline 1983 is more complicated. Even though total Tanzanian maize exports in scenario baseline 1983 decrease by about 28 percent, Tanzania is able to increase its exports to some countries that experienced even more negative deviations in their production from trend. For example, Tanzanian exports of maize to the USA-increased by 5 percent. The USA accounts for 15 percent of Tanzania's maize exports and experienced production 40 percentbelow-trend in the Scenario Baseline 1983. These results are driven by events in the USA. Since the USA is responsible for more than 41 percent of the global maize trade in the benchmark database, this has dramatic implications for the aggregate maize import price in all countries.Almost all countries experience declines in aggregate demand for maize imports. However, since a country's decision to import Tanzanian maize depends on both the substitution and the expansion effect in Equation (1), a key factor is the change in relative prices of maize from Tanzania versus other exporters. For example, in the case of Tanzanian maize exports to Latin America and the Caribbean-an extremely minor destination for Tanzanian maize exports in the benchmark database -the substitution effect is positive and dominates the demand effect, and Latin America increases its imports of Tanzanian maize.
Let us now turn to the impacts of the export restriction regime-reported in the second group of columns in Table 4 as well as the price effects reported in Table 5 . In the years when production is above trend and an export restriction is in place, the maize price may drop below the price that would have prevailed if there was no restriction.This can be seen in column (3) of Table 5 . In the case of the years with positive shocks to Tanzanian maize production (scenarios 1995 and 1971) , the domestic price of maize falls even more under the export restriction. With the export restriction in place, no increases in exports are possible (columns 6 and 7 in Table 4 ). In the case of scenario 1982, when Tanzanian maize production was below-trend, and maize exports decreased for all countries (since the modeling of the restriction allows for decreases from 2001 benchmark flows).
When considering the poverty impacts of production deviations from trend due to climate under trade Regimes 1 and 2, we must account for the impacts on prices as well as factor incomes, since changes in prices will change the cost of living. Looking at columns (1)-(3) in Table 6 , we can see that poverty decreases in the years that Tanzania has a positive production deviation from trend (Scenarios 1995 and 1971) , with most of the poverty reduction due to reductions in the cost of living. In both years, the price of maize, which is almost completely used for domestic consumption, falls substantially, even though the prices of other commodities increase somewhat. Poor households are thus able to purchase more at lower prices, reflecting the cost of living improvement. Improvements in earnings also contributed to the poverty reduction. The higher demand for workers in expanding downstream sectors like other food and beverages, farm livestock, and processed livestock leads to improvements to factor returns.
Tanzania's negative deviations from maize production trends in 1980, 1982, and 1983 indicate increases in poverty in the casestudy simulations. In the case of Scenario 1980, the cost of living effect served to reduce poverty by 2400 people, but was overwhelmed by the 5200 people impoverished by the earnings effect. In the cases of Scenarios 1982 and 1982, there were sharp increases in food prices arising from the negative production shocks to maize, leading to major increases in poverty through higher costs of living.
The presence of an export restriction (Regime 2) is found to be generally poverty-increasing. In the case of Scenarios 1995 and 1971 it dampens both improvements in the cost of living as well as the effects of greater earnings.For Scenarios 1980 Scenarios , 1982 Scenarios , and 1983 , the presence of an export exacerbates the lower factor returns, and leads to higher values for the poverty-increasing earnings effects.
Aside from generally being poverty-increasing (or dampening poverty reduction), the export restriction also has distributional implications. In the four scenarios where the export restriction increased poverty (1995, 1971, 1980, and 1983) , the poverty increases were among households that depended on agriculture as the primary source of income, relied on transfers, or had diverse sources of income. In contrast, the export ban actually had the marginal effect of reducing poverty among households that were not involved in agriculture, or relied on wages as their main source of income. The export restriction generally depresses returns to factor incomes, especially in agriculture. At the same time, households that rely less on agriculture are less detrimentally affected by lower factor incomes. So, even though all households benefit from the lower prices that an export ban might induce, wageincome-based and non-agricultural income-based households have smaller losses in their incomes, and are relatively better off.
The results of these case study simulations under Regimes 1 and 2 highlight a number of important considerations: 12
• Tanzania has the potential to substantially increase its maize exports to other countries, and not only when its production is above trend. If global maize production is lower than usual due to supply shocks in major exporters, Tanzania can export more maize at higher prices, even if it also experiences below-trend production.
• Diversified sources of imports can help mitigate the effects of a negative supply shock in a major source, e.g., the case of Uganda increasing imports in 1971.
• Conversely, having diverse destinations for exports can allow for substantial trade when negative supply shocks affect the partners' usual sources, e.g., Tanzania increasing exports to Latin America and the Caribbean when US production was below-trend in Scenario 1983.
• Export bans can suppress maize prices, either by making price declines larger, or price increases less positive. However, they are an ineffective tool for altering the poverty impact of the underlying climate/productivity shocks, and come at the cost of significant reductions in exports, GDPand long run credibility as a supplier of agricultural products.
Resultsprojected changes in climate extremes in Tanzania and trading partners
Given the sensitivity of poverty outcomes in Tanzania to both national trade policies and productivity shocks in key trading partners, we seek to quantify the potential changes in countrylevel climate extremes as greenhouse gas concentrations rise in the 21st century. As demonstrated in the preceding case studies, trade can potentially reduce the negative poverty impacts associated with increasing occurrences of negative climate outcomes in Tanzaniaparticularly if trading partners do not experience concurrent negative climate outcomes. Alternatively, trade can increase the benefits of reduced occurrence of negative climate outcomes in Tanzania, if trading partners experience negative climate outcomes in years when Tanzania 12 The choice of the parameters for the constant elasticities of transformation that modulate the mobility of factors between agriculture and non-agriculture affect several GE mechanisms important for the results. So, systematic sensitivity analysis was conducted to vary the parameters between zero and double their benchmark values for the baseline and export restriction scenario 1995. Briefly, the standard deviations of the percent point changes in maize price in the two simulations, when the systematic sensitivity analysis is conducted, is 0.03 and 0.06. So, if we were considering a single standard deviation, the maize price change is between -22.98 percent and -23.08 percent in scenario baseline 1995, and between -25.88 percent and -26.00 percent in the export restriction scenario 1995. The analyses are thus robust to this parameter and are discussed in more detail in the World Bank working paper version's appendices.
does not. Therefore, we are particularly interested in the co-occurrence of climate extremes in Tanzania and her key trading partners. In order to better understand those potential responses, we use a suite of climate model experiments to project 21st century changes in (i) the occurrence of extreme dry years in Tanzania and her key trading partners; (ii) how often Tanzania experiences a dry year in the same year that her key trading partners do not experience dry years; and (iii) how often each of Tanzania's key trading partners experiences a dry year in the same year that Tanzania does not experience a dry year.
Models, scenarios, and climate analyses
We analyse climate model results from the coupled model intercomparison project (CMIP3) (Meehl et al. 2007 ). CMIP3 has archived results from multiple general circulation models (GCMs) developed at climate modeling centers around the world. The archive has been extensively analysed by the international community, and the multi-model output served as the backbone of much of the Working Group I contribution to the Fourth Assessment Report ('AR4') of Intergovernmental Panel on Climate Change (IPCC) (IPCC2007).
The CMIP3 archive contains GCM simulations of the pre-industrial period, the 20th century, and various scenarios of the 21st century, including a number of the 21st century 'SRES scenarios' produced by the IPCC in its Special Report on Emissions Scenarios (IPCC 2000) . Varying numbers of models have archived varying subsets of results for these different simulations. Together, these various climate model simulations create an 'ensemble of opportunity' that has been used to analyse a wide variety of phenomena in the climate system, including detection and attribution of historical climate change (e.g., Santer et al. 2009 ), the sensitivity of global mean temperature to elevated greenhouse forcing (e.g., Knutti et al. 2008) , the response of extreme events to global warming (e.g., Tebaldi et al. 2006; Knutson et al. 2008; Diffenbaugh and Scherer 2011) , and the potential impacts of climate change on natural and human systems (e.g., Williams et al. 2007; Ahmed et al. 2009; Battisti and Naylor 2009; Loarie et al. 2009 ).
In the present study, we focus on the CMIP3 simulations that have been forced by the IPCC A1B scenario (IPCC 2000) . The cumulative CO 2 emissions and global mean temperature change are very similar in the IPCC illustrative scenario suite over the first half of the 21st century (Meehl et al. 2007 ). The A1B scenario falls near the middle of the illustrative suite in the second half of the 21st century, with global atmospheric carbon dioxide concentrations reaching between 600 and 800 parts per million (ppm) by the end of the 21st century, and global mean temperature warming by between 2 and 4 ˚C (Meehl et al. 2007 ). For our analyses, we select 'run 1' from each of the 22 climate models that archived surface temperature and precipitation data for the A1B 21st century scenario.
Given the importance of adequate precipitation for maize production in Tanzania and the world (e.g., Ahmed et al. 2011; Lobell et al. 2008) , we focus our analyses on the occurrence of dry years in Tanzania and key (or potential) trading partners during the 20th and 21st century CMIP3 simulations. For the purposes of this study, we take a dry year to be any year in which the annual precipitation is equal to or less than the historical 1-in-10-year dry event. We take the historical period to be 1951-2000, meaning that for each trading partner, the 1-in-10-year dry event is the 5th driest year in that partner during the 1951-2000 period, and a dry year is any year in which the annual precipitation is less than or equal to the precipitation value of the 5th driest year of the 1951-2000 period. 13 We use the CMIP3 climate model experiments to quantify the likelihood of different trading partners experiencing dry years, including the likelihood that these dry years co-occur in Tanzania and the trading partners. To do so, we first calculate the annual precipitation in each partnercountry in each year from 1951 through 2000. We then calculate the magnitude of the 1-in-10-year dry event for each trading partner for the 1951-2000 period, which we may call the 'dry year threshold'.
Having obtained the dry year threshold for each partner for the 1951-2000 period, we calculate three metrics of dry year occurrence in each decade of the CMIP3 A1B 21st century projections:
• We calculate the number of dry years in Tanzania and her key trading partners. This metric indicates the likelihood that each trading partner will experience adverse climate conditions for grains production. For each trading partner, we report the number of dry years in each decade of the 21st century.
• We calculate how often Tanzania experiences a dry year in the same year that her key trading partners do not experience dry years. This metric indicates the likelihood that Tanzania's trading partners will experience non-adverse climate conditions in the same year that Tanzania experiences adverse conditions, therefore offering the potential for Tanzania to ameliorate adverse conditions in Tanzania through trade. For each trading partner, we report the percentage of Tanzania dry years in which that country does not also experience a dry year. We report these percentages for each decade of the 21st century.
• We calculate how often each of Tanzania's key (or potential) trading partners experiences a dry year in the same year that Tanzania does not experience a dry year. This metric indicates the likelihood that Tanzania will experience non-adverse climate conditions in the same year as her trading partners experience adverse conditions, therefore offering the potential for Tanzania to benefit through trade. For each trading partner, we report the percentage of dry years in that partnercountry in which Tanzania does not also experience a dry year. We report these percentages for each decade of the 21st century. We combine the 22 GCM realizations from the CMIP3 archive by first performing the above calculations for each GCM realization individually, and then calculating the mean and standard deviation across the ensemble of GCM realizations. Tanzania   Table 7 shows the number of dry years in Tanzania in each decade of the 21st century, along with the percentage of Tanzania dry years in which each trading partner does not experience a dry year. The decadal occurrences are reported as the mean of the decadal occurrences of the individual climate model realizations. With this measure, a dry year occurrence of 0.5, as reported for the decade from 2000-09, indicates that across all of the GCM realizations in that decade, the occurrence of dry years in Tanzania was half as common as in the historical period (which was one year on average per decade given the way the dry year has been defined). In addition, the number of years in which Tanzania experiences a dry year but another trading partner does not is reported as a percentage of the Tanzania dry years in that decade. For example, in the case of Canada, the value of 100 percent indicates that in all of the years in which Tanzania experienced a dry year, Canada did not simultaneously experience a dry year.
Severe dry events in
The CMIP3 GCM ensemble projects meanannual precipitation to increase in Tanzania over the course of the 21st century in response to increasing greenhouse gas concentrations (e.g., Christensen et al. 2007; Meehl et al. 2007 ). In accordance with this increase in meanannual precipitation, we find that the occurrence of dry years is substantially reduced in Tanzania ( Table  7) . The ensemblemean dry year occurrences range from 0.45 to 0.77 from the early 2000s through the 2050s, and from 0.32 to 0.36 in the 2060s, 2070s, and 2080s.
In almost all cases, more than 50 percent of Tanzania's dry years coincide with non-dry years in Tanzania's selected African trading partners (Table 7) . Exceptions include 36.00 percent cooccurrence of dry conditions in Tanzania and non-dry conditions in Kenya in the 2000s, and 41.82 percent co-occurrence of dry conditions in Tanzania and non-dry conditions in Mozambique in the 2050s. This means that extreme events in these three trading partners are expected to coincide more frequently. Of the African trading partners, Sudan exhibits the highest co-occurrence of non-dry years with Tanzania dry years, with at least 75 percent of Tanzania dry years co-occurring with a non-dry year in Sudan in all decades of the 2000-89 period. Conversely, Kenya, Mozambique and Zambia exhibit the lowest co-occurrence of non-dry years with Tanzania dry years, with each partnercountry exhibiting four decades in the 2000-89 period in which less than 65 percent of Tanzania dry years co-occur with a non-dry year in that trading partner. The 2040s exhibit the lowest co-occurrence of non-dry years with Tanzania dry years across the African trading partners, with 5 of the 10 trading partners experiencing less than 65 percent co-occurrence of non-dry years with Tanzania dry years.
As might be expected simply from geographic proximity, Tanzania's key trading partners outside of Africa more consistently exhibit co-occurrence of non-dry years with Tanzania dry years than do Tanzania's key trading partners that are within Africa. Of those partners outside of Africa, Canada and the Russian Federation exhibit the highest co-occurrence of non-dry years with Tanzania dry years, with 100.00 percent of Tanzania dry years co-occurring with a non-dry year in those trading partners in all decades of the 2000-89 period. China, India and the USA also exhibit high co-occurrence of non-dry years with Tanzania dry years, with at least 88 percent of Tanzania dry years co-occurring with a non-dry year in those countries in 9 decades of the 2000-89 period. Conversely, Australia and Mexico both exhibit less than 76 percent cooccurrence of non-dry years with Tanzania dry years in the 2050s, 2070s and 2080s. Table 8 shows the number of dry years in each of Tanzania's key trading partners in each decade of the 21st century, along with the percentage of trading partner dry years in which Tanzania does not experience a dry year. The decadal occurrences are reported as the mean of the decadal occurrences of the individual climate model realizations. Therefore, as in the preceding table, a dry year occurrence of 0.5 indicates that across all of the GCM realizations in that decade, the occurrence of dry years was half as common as in the historical period, and an occurrence of 2.0 indicates that the occurrence of dry years was twice as common as in the historical period. In addition, the number of years in which each trading partner experiences a dry year but Tanzania does not is reported as a percentage of the trading partner dry years in that decade. Under this metric, for a given trading partner, a value of 50 percent indicates that in half of the years in which that country experienced a dry year Tanzania is not expected to simultaneously experience a dry year.
Severe dry events in Tanzania's key trading partners
We find that a number of Tanzania's key trading partners experience increases in the occurrence of dry years as greenhouse gas concentrations rise in the 21st century GCM simulations (Table  8 ). For example, within Africa, Madagascar, Mozambique, South Africa, and Zimbabwe experience an average of at least one and a half dry years per decade in at least four decades of the 2040-89 period. Conversely, Ethiopia, Kenya, and Uganda all exhibit decreased occurrence of dry years in the late 21st century, including mean occurrence of less than 0.7 years per decade in the 2060s, 2070s, and 2080s. Kenya exhibits the lowest occurrence of dry years of any of Tanzania's key African trading partners, including lower dry year occurrence than Tanzania in the 2070s and 2080s (Tables 7 and 8 ).
The 21st century climate model experiments suggest that Tanzania is likely to experience nondry years in most of the years in which her key African trading partners experience dry years (Table 8) . For example, although South Africa exhibits increasing occurrence of dry years throughout the 21st century period, a minimum average of 84.6 percent of those dry years in a given decade co-occur with non-dry years in Tanzania, including greater than 97 percent of years in the 2060s, 2070s, and 2080s. Likewise, between 87 percent and 100 percent of the dry years in Madagascar and Zimbabwe co-occur with non-dry years in Tanzania, as do between 79 percent and 85 percent of the dry years in Mozambique. Kenya exhibits the lowest co-occurrence of dry years with Tanzania non-dry years, including the three lowest mean decadal co-occurrences of any of Tanzania's key trading partners (47.1, 56.2, and 63.9 percent).
Outside of Africa, Mexico experiences the most substantial intensification of dry year occurrence of Tanzania's key trading partners, including a minimum average of 1.68 dry years per decade in the 2000s and a maximum of 4.64 dry years per decade in the 2070s (Table 8) . Australia likewise exhibits at least 1.2 dry years per decade in each decade of the 2040-89 period, including an average of 1.6 dry years in the 2080s. Conversely, Canada, China, India, and the Russian Federation all exhibit decreases in dry year occurrence over the 21st century, including near-zero occurrence in Canada and the Russian Federation beginning in the 2020s, and in China after the 2050s.
Despite the very high occurrence of dry years in Mexico, the mean co-occurrence of those dry years with non-dry years in Tanzania is at least 90 percent in all decades of the 2000-89 period, including greater than 97 percent in the 2060-89 period, in which Mexico experiences the highest occurrence of dry years (Table 8) . Australia, which also experiences increasing dry year occurrence in the 21st century, exhibits lower co-occurrence of dry years with Tanzania non-dry years than does Mexico, although the mean decadal co-occurrence is greater than 88 percent in all decades of the 2000-89 period. In contrast, the mean co-occurrence of dry years with non-dry years in Tanzania is 100 percent for Canada and the Russian Federation throughout the 21st century, 100 percent for China after the 2030s, and 100 percent for India and the USA after the 2040s.
Discussion
The CMIP3 suite of global climate model projections for the 21st century suggests that further global warming is likely to both increase the mean seasonal precipitation (Christensen et al. 2007; Meehl et al. 2007 ) and decrease the occurrence of dry years in Tanzania (Table 7) . These results suggest that Tanzania could experience decreased agricultural stress from precipitation deficits in the future.
However, dry years do persist in Tanzania through the 21st century (Table 7) . Quantifying the co-occurrence of these dry years with non-dry years in Tanzania's key trading partners indicates the likelihood that Tanzania's trading partners will experience non-adverse climate conditions in the same year that Tanzania experiences adverse conditions, therefore offering the potential for Tanzania to ameliorate adverse conditions in Tanzania through increased imports. Analysis of the CMIP3 archive of global climate model simulations indicates that those dry years that do occur in Tanzania in the 21st century will often coincide with non-dry years in Tanzania's key trading partners both within and outside of Africa (Table 8 ). These results suggest that importing grains from other trading partners could help to alleviate negative effects of severe dry conditions going forward in the 21st century, particularly for a mix of trading partners that can help to hedge against the coincidence of severe dry years both within and outside of Africa. In particular, our analysis identifies Sudan as the trading partner within Africa that is most likely to consistently experience non-dry conditions in the years in which Tanzania experiences dry conditions, and Kenya, Mozambique, and Zambia as the least likely. Likewise, our analysis identifies Canada, China, the Russian Federation, and the USA as the trading partners outside of Africa that are most likely to consistently experience non-dry conditions in the years in which Tanzania experiences dry conditions, and Mexico and Australia as the least likely.
The CMIP3 suite of global climate model projections also suggests that further global warming is likely to increase the occurrence of dry conditions in many of Tanzania's trading partners, and to alter the co-occurrence of dry years in Tanzania's trading partners with non-dry years in Tanzania as Tanzania's dry year occurrence decreases through the 21st century (Table 8) . Quantifying the co-occurrence of dry years in Tanzania's trading partners with non-dry years in Tanzania indicates the likelihood that Tanzania will experience non-adverse climate conditions in the same year as her trading partners experience adverse conditions, therefore offering the potential for Tanzania to benefit from the non-adverse conditions through increased exports. Tanzania is likely to experience non-dry years in most of the years in which key trading partners experience severe dry conditions in the 21st century. These results suggest that Tanzania might benefit from exporting grains to trading partners within and outside of Africa as climate change increases the likelihood of severe precipitation deficits in other partnercountries while simultaneously decreasing the likelihood of severe precipitation deficits in Tanzania. In particular, our analysis identifies Madagascar, Mozambique, South Africa, and Zimbabwe as the potential trading partners within Africa that are most likely to experience substantial increases in dry years, with Tanzania experiencing non-dry years in the vast majority of those trading partner dry years. Our analysis also identifies Mexico and Australia as the key trading partners outside of Africa that are most likely to experience substantial increases in dry years over the course of the 21st century, but also suggests that Tanzania is likely to experience non-dry years in most of the years in the 21st century in which her key trading partners outside of Africa experience dry years. This could present Tanzania with some export opportunities in the future.
Finally, although we have focused our analyses on dry years as defined by the historical 1-in-10-year dry event, we note that temperature is also an important determinant of grains production. Maize, in particular, can be sensitive to high temperatures (e.g., Schlenker and Roberts 2009). We have repeated the above analyses for the 1-in-10-year hot event, and we find that most of our focus partner countries are projected to regularly experience annual temperatures that exceed the baseline 1-in-10-year hot threshold relatively early in the 21st century (not shown). Indeed, most are also projected to regularly experience summers that are hotter than the historical maximum by the late 21st century in the A1B scenario (Battisti and Naylor 2009; Diffenbaugh and Scherer 2011) . The effects of such temperature rises must also be taken into account in order to obtain a more complete picture of the interplay between future climate and Tanzania's trade potential.
Conclusion
This paper analyses the potential trading opportunities created by heterogeneous climate shocks, as well as the potential for trade to modify the effects of climate-induced shocks on Tanzanian poverty. Given the estimated heterogeneity in idiosyncratic (including climate-based) maize production shocks across countries and regions, Tanzania has the potential to take advantage of future periods of high prices, but only if it refrains from export restrictions.
Focusing on five casestudy years representing a range of production shocks in Tanzania and key trading partners, allows for a closer examination of the sensitivity of Tanzanian maize exports, prices, and poverty to these shocks under alternative trade regimes. It is found that Tanzania has the potential to substantially increase its maize exports to other countries, and not only when its production is above trend. If global maize production is lower than usual due to supply shocks in major exporters, Tanzania can export more maize at higher prices, even if it also experiences below-trend production. As expected, diversified sources of imports can help mitigate the effects of a negative supply shock. Conversely, having diverse destinations for exports can allow for export increases when negative supply shocks affect the partners' dominant sources. Tanzanian export restrictions are found to suppress maize price responses, either by making price declines larger, or price increases less positive. However, the marginal impact of the maize export restriction on poverty is small.
Considering climate change, analysis of the CMIP3 archive of global climate model simulations indicates that severe dry conditions in Tanzania will most often coincide with non-dry conditions in Tanzania's key trading partners within Africa in the future. However, there may be decades in the 21st century projections when some countries frequently experience coinciding severe dry conditions.Based on future predictions under climate change, Tanzania's key trading partners will also experience increases in the occurrence of severe dry conditions as greenhouse gas concentrations rise in the 21st century.Tanzania is likely to experience non-dry years in most of the years in which key trading partners experience severe dry conditions in the 21st century, including 58 percent of dry years per decade for South Africa and Zimbabwe, and about 90 percent of dry years per decade for Australia and Mexico, respectively. These results suggest that Tanzania could benefit from exporting grains to countries within and outside of Africa as climate change increases the likelihood of severe precipitation deficits in other countries while simultaneously decreasing the likelihood of severe precipitation deficits in Tanzania.
As demonstrated by the case of maize in this paper, the Tanzanian economy has the potential to capitalize on the increasing heterogeneity of climate impacts on agriculture in the future. However, such benefits will only arise if the trade policy environment changes. In the past, inconsistent application of export bans may have prevented Tanzania from capitalizing on historical export expansion opportunities. The World Bank (2009) also points out that export bans and other trade restrictions negatively affect private sector development and investments owing to investors' fear of policy reversals, as has been illustrated throughout Africa in the 1990s. Permanent removal of the ban, or movement to a rules-based policy mechanism as advocated by Chapoto and Jayne (2010) , would remove both the policy uncertainty and the resulting price instability and would pave the way for Tanzania capitalizing on its favorable position with regard to future climate change impacts. Source: Global maize production time series data for the period 1971-2001 were obtained at the national level from FAOSTAT (2010), and then de-trended using a statistical model that explains physical production of maize as a function of time. The time series of estimated residuals, expressed as percentages of predicted production, is taken to represent the percentage deviations of production from trend. TZA not 100.0 100.0 100.0 100.0 n/a n/a n/a n/a n/a TZA not 100.0 100.0 100.0 100.0 n/a n/a n/a n/a n/a South Africa dry years 0.9 0.9 1.1 1. Note: The decadal occurrence of 1-in-10-year dry events in key trading partners is reported as the mean of the decadal occurrences of the individual climate model realizations. The no. of years in which a partner experiences a 1-in-10-year dry event but Tanzania does not is reported as a percentage of the respective decadal occurrences in each partner. Source: Authors' estimates from Meehl et al. (2007) .
